Introduction
============

Wound healing is a complicated process mediated by physical, chemical, and cellular processes. The healing process is initiated by hemostasis and consists of inflammation, proliferation/repair, and remodeling, which are regulated by various cells, cytokines, and growth factors. The wound healing process can be slowed by host attributes, characteristics of the wound, external factors (e.g., concurrent disorders such as hyperadrenocorticism, diabetes mellitus, hepatic disorders and uremia), glucocorticoids and chemotherapy \[[@B15][@B17][@B25][@B28]\]. To enable repair of damaged tissue quickly and efficiently, many materials have been studied for delayed or chronic wounds, and platelet-rich plasma (PRP) has been shown to be effective in tissue healing \[[@B6][@B12][@B20][@B25][@B33]\].

Platelets play important roles in wound healing because of their hemostatic function and concentrated levels of naturally occurring cytokines and growth factors \[[@B5][@B9]\]. The α granules of platelets contain numerous growth factors including platelet-derived growth factor (PDGF), transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), insulin-like growth factor (IGF), and epidermal growth factor (EGF). Bioactive factors such as serotonin, histamine, dopamine, calcium, and adenosine are also stored in the dense granules \[[@B4][@B13]\].

PRP refers to the concentration of a large number of platelets in a small volume of plasma, at least 1,000,000 platelets/µL, resulting in a 3- to 5-fold increase in concentrations of growth factors. PRP works by secretion of growth factors following platelet activation, and released growth factors bind to the external surface of cell membranes in applied tissue. Studies have shown that adult stem cells, osteoblasts, fibroblasts, endothelial cells, and epidermal cells can express receptors to growth factors from PRP. Concentrated growth factors lead to accelerated endothelial and epithelial regeneration, and stimulate angiogenesis, collagen synthesis, soft-tissue healing, and hemostasis. Because PRP is known to be effective in various aspects of tissue regeneration, its clinical use has been reported for a variety of applications, such as in cosmetic, orthopedic, arthrologic, oral--maxillofacial, and dermatologic surgery \[[@B13][@B22][@B25][@B29]\].

Use of PRP in animals is steadily increasing, and its effects on tissue healing have been reported in many studies, particularly in bone regeneration and ligament or tendon reconstruction. Some studies have also described its healing effects in cutaneous wounds in dogs \[[@B2][@B18][@B27]\], goats \[[@B1]\], horses \[[@B7][@B23]\], and other species \[[@B10][@B19]\]. In both humans and animals, PRP is commonly processed for application to cutaneous wounds by mixing with calcium chloride and thrombin to form a platelet gel, which can be applied like an ointment \[[@B5][@B16][@B18]\]. A gel formulation is easy to use but has certain disadvantages, particularly in animals, such as uneven distribution at movable body parts, possible loss, limited accessibility to the wound surface, and limited duration of effect. Therefore, injection of PRP has been used in orthopedic procedures, cosmetic surgery, and cutaneous wounds \[[@B1][@B3][@B10][@B26]\]. The present study was conducted to investigate the efficacy of intralesional injection of PRP in cutaneous wounds in dogs by evaluating tissue healing parameters.

Materials and Methods
=====================

Animals
-------

Three healthy adult beagle dogs (3--5 years of age; mean body weight, 12.47 kg; two intact female dogs and one intact male dog) were used for this study. The results of physical examination, complete blood cell count, and serum chemistry revealed no evidence of hypovolemia, dehydration, or hematologic abnormalities. All procedures were approved by the Institutional Animal Care and Use Committees of Gyeongsang National University.

Preparation of platelet-rich plasma
-----------------------------------

Whole blood was collected from the jugular vein of each dog. Briefly, 52 mL of blood was aspirated using a syringe fitted with a 19-gauge scalpel needle containing 8 mL of the anticoagulant citrate phosphate dextrose (CPDA-1; GreenCross Medical Science, Korea) to give 60 mL anticoagulant-treated blood, and the collection procedure was repeated to obtain 120 mL for each dog. Blood was immediately centrifuged and separated to prevent platelet activation and clot formation. Aliquots (18 mL) of anticoagulant-treated blood were injected into sterilized PRP-separation containers (PRO-PRP20; Goodmorning Bio, Korea) and centrifuged at 209 × g for 6 min. This resulted in separation of blood into three fractions: red blood cells (bottom layer), platelet-poor plasma (top layer), and buffy coat (middle layer, including white blood cells and platelets). Using a platelet separator (Goodmorning Bio), 1 mL PRP including the buffy coat was obtained. Obtained PRP was kept frozen at -76℃ for further use, except for 0.5 mL that was used for analysis.

Unseparated whole blood and PRP (0.5 mL samples of each) were used to obtain platelet and white blood cell (WBC) counts with an automatic blood cell counter (Celltacα MEK-6450K; Nihon Kohden, Japan).

Creation of cutaneous wounds
----------------------------

Dogs were premedicated with subcutaneous atropine sulfate (0.05 mg/kg; atropine sulfate injection; Jeil Pharmaceutical, Korea) and intravenous cefazolin sodium (20 mg/kg; cefazolin sodium injection; Chong Kun Dang Pharmaceutical, Korea), then sedated with intravenous medetomidine HCl (4 µg/kg; Domitor; Orion, Finland). Shortly before creating wounds, intramuscular tramadol HCl was administered (2 mg/kg; Tramadol HCl; Huons, Korea) for pain control. Dorsal hair was clipped and the skin was disinfected with 5% chlorhexidine and 70% isopropyl alcohol solution.

Full-thickness circular wounds were created in the dorsal skin of the thoracic region using a dermal biopsy punch 6 mm in diameter (Integra Miltex, USA) to harvest the epidermis and dermis, exposing subcutaneous fat. Wounds were covered with moist gauze to avoid desiccation until injection was performed. Eight wounds were created in each dog, resulting in 24 skin wounds in the three dogs. Wounds were at least 25 mm apart and divided into two groups ([Fig. 1](#F1){ref-type="fig"}).

Injection protocol
------------------

Overall, 0.5 mL PRP was injected into each PRP-treatment wound using a 26-G needle (T1, T2, T3, and T4; 12 wounds in three dogs). In addition, 0.1 mL was injected intradermally into the outward edge of the quadrant of the wound lesion and 0.1 mL was injected into the center of the wound bed ([Fig. 1](#F1){ref-type="fig"}). Injections of saline into control wounds were performed using the same procedures. All injections were repeated on days 2 and 4.

Management
----------

The dorsal wound area was covered with an occlusive dressing (Tegaderm; 3M Health Care, USA) and elastic bandage. On alternate days, wounds were cleaned with saline, taking care not to debride the wound, and the bandage was changed. Oral administration of tramadol HCL (2 mg/kg; Tridol; Yuhan, Korea) and cefadroxil (30 mg/kg; Cefadroxil; Ilyang Pharmaceutical, Korea) was conducted twice daily throughout the experimental period.

Wound assessment
----------------

Wounds were examined every two days during the experimental period. The diameters of wounds were measured with a ruler to the nearest millimeter (mm), after which the percentage of wound diameter to diameter at day 0 was calculated. The experimental day on which the wounds were closed and the wound closure rate were determined.

Microscopic evaluation
----------------------

For histological evaluation, punch biopsies were conducted on days 7, 14, and 21. Full-thickness wound samples including surrounding non-wounded skin, were harvested with 8 mm circular biopsy punches. Tissues were fixed in 10% neutral buffer formalin solution, embedded in paraffin, sectioned at a thickness of 5 µm, and stained with hematoxylin-eosin reagent and Masson\'s trichrome method according to the manufacturer\'s instructions. For microscopic assessment, an upright microscope (Leica DM6000B; Leica, Germany), microscope camera (Leica DFC500; Leica), and imaging software (Leica Application Suite; Leica) were used. All measurements were performed by three investigators.

### Epithelialization

HE-stained tissues were examined to evaluate epithelialization. Epidermal thickness was quantified in 10 different areas in each tissue. Epidermis overlying the wound edge on day 7 and the center of the wound on days 14 and 21 was evaluated, and re-epithelialization was compared between the control and PRP-treated wounds.

### Granulation tissue

Granulation tissue was divided into two layers, upper granulation tissue, which is rich in vascularization, and lower granulation tissue rich in collagen. Total granulation tissue included both upper and lower granulation tissue. The amount of granulation tissue was evaluated using Masson\'s trichrome-stained slides and calculated as granulation indexes as previously described \[[@B30]\].

### Angiogenesis

The degree of angiogenesis was determined by counting vascular structures on HE-stained sections. The number of vessels in the upper granulation tissue was measured in five random high-power fields by three investigators.

### Collagen organization

The mid portion of the lower granulation tissue was observed in Masson\'s trichrome--stained sections and photographed to compare collagen deposition in control and PRP-treated wounds.

Statistical analysis
--------------------

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS ver. 12.0; IBM, USA). Data were expressed as the mean ± standard deviation. Statistical significance of the differences between the control and PRP-treated groups in the wound-closure time, epidermal thickness, granulation indexes, and number of blood vessels was analyzed using the nonparametric Mann--Whitney *U*-test. Wilcoxon signed-rank tests were used to compare mean wound diameters among control and treated wounds. For all analyses, values of *p* \< 0.05 were considered statistically significant.

Results
=======

Analysis of the PRP
-------------------

Platelet counts in PRP were substantially increased compared with the baseline counts of unseparated blood. The average initial platelet concentration was 3.57 × 10^11^/L and the average platelet count in the PRP was 30.70 × 10^11^/L, resulting in significant increases of 8.60 times. The quantitative analysis of WBCs revealed an average increase of 2.90 fold in the PRP.

Macroscopic examination
-----------------------

### Wound diameter

Statistical differences between control and PRP-treated wounds were identified on days 4 (*p* = 0.024), 6 (*p* = 0.040) and 8 (*p* = 0.027) ([Table 1](#T1){ref-type="table"}).

### Time required for wound closure

Although there was no significant difference, mean wound closure time of the PRP-treated group (13.11 ± 2.47 days) was slightly faster than that of the control group (13.43 ± 2.76 days). Wound closure was observed between day 10 and day 18 in all dogs. During day 10 to day 18, the PRP-treated group showed a higher closure rate ([Fig. 2](#F2){ref-type="fig"}).

Microscopic examination
-----------------------

### Epidermis

The average epidermal thickness decreased gradually in PRP-treated wounds throughout the experiment, but only from day 14 in control wounds. At day 14, the control tissue had an average thickness of 105.4 ± 29.79 µm, which was significantly thicker than that of the treated tissue at 82.7 ± 22.66 µm (*p* = 0.000), and more irregular layers appeared ([Table 2](#T2){ref-type="table"}).

At day 7, epithelial layers had grown from the margins of the wounds and hypertrophied, but did not cover the granulation tissue in all wounds. All control wounds presented undifferentiated keratinocytes and had no or less keratohyaline granules in the stratum granulosum. Two of the three PRP-treated wounds exhibited hypertrophied epidermis with development of stratum spinosum and stratum granulosum, abundant keratohyaline granules, and differentiated keratinocytes.

At days 14 and 21, regenerated epidermal structures were compared in the center of the wound area. On day 14, hyperplastic epidermis with irregular thickness and no stratum corneum was observed in the control group, except in one dog. However, all PRP-treated wounds showed decreased thickness, and epithelial cells were flattened and keratinized with anuclear keratinocytes overlying the epidermis. On day 21, both control and PRP-treated wounds exhibited a decrease in cell layers, but keratohyaline granules persisted in the control group. Additionally, epithelialization appeared similar in PRP-treated wounds on day 14 and control wounds on day 21, indicating that the PRP-treated wounds had differentiated to a normal structure faster than the control wounds ([Fig. 3](#F3){ref-type="fig"}).

### Granulation tissue

Total granulation, lower granulation, and upper granulation indexes are shown in [Table 3](#T3){ref-type="table"}. Lower and upper granulation indexes were not calculated on day 21 because they could not be distinguished. Compared with control wounds, total granulation indexes of PRP-treated wounds were increased on days 7 (*p* = 0.040) and 14 (*p* = 0.031). The upper granulation index of PRP-treated wounds on Day 7 was significantly higher (*p* = 0.006) than that of the control, while on day 14 the lower granulation index of the PRP-treated group was higher (*p* = 0.000).

### Angiogenesis

The number of vessels was highest on day 7 in both the control and PRP-treated wounds and decreased gradually over the experimental period. More vessels were observed in the PRP-treated than control wounds on day 7 (*p* = 0.000), although no difference was found on Days 14 (*p* = 0.119) and 21 (*p* = 0.481) ([Table 4](#T4){ref-type="table"}).

### Collagen fibers

Evaluation of collagen fibers was performed in lower granulation tissue on days 7 and 14, but in the mid and upper portion of dermis on day 21. On day 7, PRP-treated wounds from two of three dogs displayed more collagen fibers than control wounds. The collagen fibers in all of the PRP-treated groups became denser and more abundant than those in the control on day 14. At day 21, two of the three mid-portions and all of the upper portions of the dermis in PRP-treated wounds showed tightly packed collagen fibers running parallel to each other and the epidermis relative to control wounds ([Fig. 4](#F4){ref-type="fig"}).

Discussion
==========

PRP application is an easily accessible cell therapy involving many bioactive factors, and therapeutic application may be achieved by simple techniques. In this study, PRP was injected intralesionally to identify the effects of PRP on experimental cutaneous wounds in dogs. Wounds were examined macroscopically and microscopically, and the results from control and PRP-treated groups were compared to evaluate the progression of healing.

According to the results of this study, PRP-treated wounds showed macroscopically and microscopically faster healing than control groups. These characteristics reflect accelerated tissue regeneration, which is one of the known effects of PRP application \[[@B29]\]. The proliferative phase is also known as repair or regeneration with granulation formation, angiogenesis, re-epithelialization, and collagen synthesis, and evaluation was performed 7, 14, and 21 days after wound creation in this study. To evaluate granulation in more detail, granulation tissue was subdivided into upper and lower granulation layers and granulation indexes, angiogenesis, and collagen deposition were then assessed in these areas \[[@B30]\]. PRP enhanced angiogenesis and upper granulation formation at day 7, in addition to collagen deposition and lower granulation formation at day 14. Accelerated re-epihelialization and epithelial differentiation were also observed in three sequential biopsies from PRP-treated wounds. Wound tension, glandular reformation, and hair regrowth can also be evaluated as healing parameters for longer periods, although this was not performed in this study \[[@B7][@B11][@B23]\].

Cutaneous wound healing indicates repair and regeneration of tissue, which is mediated by growth factors that regulate cell migration, proliferation, differentiation, production of proteins, enzymes, and extracellular matrix, and remodeling \[[@B15][@B28]\]. Important factors contributing to the healing effects of PRP include PDGF, TGF-β, VEGF, FGF, EGF, IGF, interleukin-8 (IL-8), and tumor necrosis factor α, as reported by several studies. Considering the functions of major growth factors, PDGF is a potent chemoattractant and mitogen for fibroblasts that stimulates collagen synthesis and angiogenesis. TGF-β stimulates mesenchymal, epithelial, and endothelial cell growth and proliferation. In addition, EGF enhances proliferation of fibroblasts and epidermal and epithelial cells, resulting in re-epithelialization and angiogenesis. VEGF and FGF also induce angiogenesis and collagen synthesis \[[@B3][@B21][@B25]\]. These mechanisms are complex and interrelated with each other over the healing periods. Because of the various mechanisms involved in the effects of PRP acting synergistically, further studies of usage determination and adverse effects are needed, although no remarkable complications have been reported to date \[[@B24][@B25][@B31]\].

To release the growth factors, platelets have to be activated by thrombin or excess calcium; therefore, platelet activation (for example, by adding autologous or bovine thrombin and calcium chloride) has commonly been performed before clinical application. However, one study suggested that no specific agent is needed for activation because platelets are activated by exposure to collagens in tissues, resulting in efficient release of growth factors \[[@B14]\]. Based on that report, no activation procedure was carried out in this study and appropriate effects of PRP were obtained, supporting the results of the previous study. As a result, this protocol provides an easier alternative to previously used protocols.

Certain conditions must be considered when determining PRP preparation and application. The potential candidate should be evaluated for general status and hematologic status to rule out hypovolemia, anemia, coagulopathy, and thrombocytopenia. Because a large volume of blood is required for preparation of PRP, it may not be possible to collect enough blood from candidates with hypovolemia and anemia. Moreover, thrombocytopenia and coagulopathy could influence PRP quality; therefore, candidates with these conditions should be excluded. Additionally, patients who have undergone profuse loss of red blood cells or who have underlying disorders place limitations on clinical usage \[[@B29]\].

Intralesional injection of PRP was performed for several reasons. Injection provides selective distribution in target regions of the wound that require more aid in the healing process and therefore a reduction in the required volume of PRP. In addition, injection techniques are simple and convenient, and regular dressing changes can be performed without loss of PRP from the wound \[[@B8]\]. Moreover, many fields in human medicine, including arthrology and cosmetic and orthopedic surgeries, make good use of PRP injection for various purposes \[[@B3][@B26][@B32]\]. In accordance with these advantages over the traditional gel form, injection is considered practical in wound management in veterinary medicine.

It should be noted that this study had several limitations. Because small and acute cutaneous wounds were created on normal skin in subjects without any disorders, clinical application in patients with delayed healing capacity or wide-ranging wounds may not correlate with the results of this study. Although wound remodeling continues for months to years to form a mature scar and normal structure, prolonged effects of PRP were not investigated and long-term observations were not made in this study. The platelet count in the PRP varied among the subjects and concentrations of growth factors were not identified. Regarding clinical usage, further studies for standardization, long-term evaluation, and application under various conditions will be required.

The present study reported that intralesional injection of autologous PRP was effective for cutaneous wound healing in dogs. Adequate enhancement of healing, including angiogenesis, granulation formation, organization of collagen fibers, and re-epithelialization, was obtained after PRP application. In accordance with this study, intralesional injection of PRP is considered a useful alternative in the management of cutaneous wounds by its healing effects and practicability. Further studies are required for usage determination and identification of complications to enable clinical application.
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![Schematic illustration of location and experimental regimen for each wound, and injection protocol. (A) Representation of wounds creation and treatment regimen. Wounds are named C1--4 in the control group and T1--4 in the PRP-treated group. (B) 0.5 mL aliquot of saline (control group) or PRP (PRP-treated group) per wound was injected, divided into four intradermal injections and one injection into the wound bed. Each arrow represents injection of 0.1 mL solution. C, control group; T, PRP-treatment group.](jvs-17-79-g001){#F1}

![Steps of wound healing in control and PRP-treated wounds according to time. (A) Serial macroscopic examination of wounds in dog A. On day 14, a smaller wound diameter and higher wound closure rate was observed in PRP-treated wounds. (B) Serial examination of C4 and T4 during the experimental period in three dogs. In dogs A and B, wound diameters are smaller in T4 than C4 on day 14, and T4 are pale, small, and had less scar formation on days 14 and 28, compared with C4.](jvs-17-79-g002){#F2}

![Photomicrographs of epidermis from control and PRP-treated groups on days 7, 14 and 21 in three dogs. (A) On day 7, epithelial layers of C1 are hypertrophied, but differentiation is limited with marked absence of keratinocytes, and dog B has no keratohyaline granules, although A and C have small amounts of keratohyaline granules. Epithelial layers of T1 exhibit hypertrophy and differentiated keratinocytes. More keratohyaline granules are observed in dogs A and C, with development of stratum spinosum and stratum granulosum, when compared with control wounds, respectively. Dog B shows no difference between the PRP-treated and control wound. (B) Epidermis at day 14. C2 still shows a hyperplastic epidermis, and dog A and B show irregular epidermis without stratum corneum. T2 shows decreased thickness, and epithelial cells are flattened and keratinized. (C) On day 21, the epidermis of C3 exhibits keratinization and decreased thickness with keratohyaline granules, although T3 exhibits more keratinization without keratohyaline granules. T2 and C3 appear to be at a similar stage of epithelialization. H&E stain. 200× (A--C).](jvs-17-79-g003){#F3}

![Photomicrographs of collagen deposition in granulation tissue and dermis. (A) On day 7, T1 from dogs B and C display more collagen deposition than C1. (B) On day 14, all T2 have dense and abundant collagen. (C). Tightly packed collagen fibers are observed running parallel to each other at the mid-portion of the dermis of T3 in dogs B and C on day 21. (D) All upper dermis sample of T3 exhibit more deposition of collagen than C3. Masson\'s trichrome stain. 200× (A--C), 100× (D).](jvs-17-79-g004){#F4}

###### Percentages of wound diameter to initial diameter on each examination day
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^\*^Significant differences between control and PRP-treated wounds are observed (*p* \< 0.05, Wilcoxon signed-rank test).

###### Mean epidermal thickness (µm)
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^\*^Significant differences between control and PRP-treated wounds are observed (*p* \< 0.05, Mann-Whitney\'s *U* test).

###### Granulation indexes
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^\*^Significant differences between control and PRP-treated wounds were observed (*p* \< 0.05, Mann-Whitney\'s *U* test).

###### Mean number of vessels per high-power field (200×)
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^\*^Significant differences between control and PRP-treated wounds are observed (*p* \< 0.05, Mann-Whitney\'s *U* test).
